(F) Real time visualization of mitochondrial shape changes in HeLa transfected with cox8a-mRFP and treated with blebbistatin (100 M) for 10 min before and after stimulation with ionomycin (2.5 M). n=3-6.
(G) Bar graph representing quantification of mitochondrial length from control, blebbistatin, and LatA treated MEFs before and after stimulation with ionomycin. Mean ± SEM; ***p<0.001(p value calculated for 0.2-2 m length mitochondria). n = 3-6.
Drp1 S579D
Drp1 S579A (A) Representative confocal images of stably expressing M2WT, M2EF1, M2EF2 and M2EF1/2 mutant MEFs transfected with cox8a-mRFP. After a baseline recording of 60s, cells were challenged with ionomycin. n=10 (B) Canonical EF-hand Ca 2+ binding loop sequence alignment for mouse and human Miro-1 and Miro-2 homologues. Mouse Miro-1 (mMiro-1), mouse Miro-2 (mMiro-2), human Miro-1 (hMiro1) and human Miro-2 (hMiro-2) sequences were from NCBI accession numbers NP_067511.4, NP_666111.1, NP_001028740.1 and NP_620124.1, respectively. The EF1 and EF2 residues not conserved between human Miro-1 and Miro-2 are shaded green. The Ca 2+ coordinating residues (X, Y, Z, y, x, z) are indicated above the alignment. G denotes the highly invariant Gly at position 6 and h denotes the invariant hydrophobic amino acid position 8. The most prevalent residue type at each of the 12 loop positions are shown below (red text) the alignment (Gifford et al., 2007; Marsden et al., 1990; Zhou et al., 2009 ).
(C) Structural alignment of Miro-1 and homology modelled Miro-2 EF1 Ca 2+ binding loops. The Miro-1 and Miro-2 loops are colored brown and pink, respectively, with the oxygen and nitrogen atoms colored red and blue, respectively. The Ca 2+ atom is represented by a yellow sphere and the H2O involved in the Ca 2+ coordination is a red sphere. The H-bond between Asn205 and Glu208 observed in Miro-1, but not in the Miro-2 homology structure is indicated by a dashed red line and ellipse. The Gln202 of Miro-2 which does not adopt the most favorable Ramachandran main chain dihedral angles in contrast to Gly202 of Miro-1 is also indicated by a dashed ellipse.
(D) Structural alignment of the Miro-1 and homology modelled Miro-2 EF2 Ca 2+ binding loops with the coloring and labeling profile as described for panel (F). The residue colors in (E), (F) and (G) are consistent, and the residue positions with respect to the loop in (F) and (G) are indicated in parentheses beside the residue number. M1, Miro-1; M2, Miro-2. The homology models were generated using Modeler v9.17 (Webb and Sali, 2014) after alignment of the Miro-1 and Miro-2 sequences (NP_001028740.1 and NP_620124.1, respectively) in Clustal Omega (Sievers and Higgins, 2014) . The Ca 2+ -loaded human Miro-1 structure (5KTY.pdb) was used as the template structure in Modeller.
(E) Mean traces for [Ca 2+ ]c as measured by Fluo-4 in WT (black) and M1EF1 mutant (red) MEFs. After measurement of baseline fluorescence, cells were stimulated with thrombin (5 mU/ml). Mean ± SEM; n=3.
(F) Mean traces of [Ca 2+ ]m as measured by rhod-2 fluorescence WT (black) and M1EF1 mutant (red) MEF cells. After measurement of baseline fluorescence, cells were stimulated with thrombin (5 mU/ml).Mean ± SEM; n=3.
(G) Mean traces of [Ca 2+ ]c as measured by GCaMP6 in WT (black) and M1EF1 mutant (red) HeLa cells. After measurement of baseline fluorescence, cells were stimulated with histamine (100 M). Mean ± SEM; n=3.
(H) Mean traces for [Ca 2+ ]m uptake as measured by mito-R-GECO1 in WT (black) and M1EF1 mutant (red) HeLa cells. After measurement of baseline fluorescence, cells were stimulated with histamine (100 M). Mean ± SEM; n=3.
(I) Representative confocal images of Miro1 T18N mutant expressing HeLa cells transfected with cox8a-mRFP. Real time visualization of mitochondrial shape changes in cells challenged with ionomycin (2.5 M). n=4. (A) Representative confocal images of stably expressing M2WT, M2EF1, M2EF2 and M2EF1/2 mutant MEFs transfected with cox8a-mRFP. After a baseline recording of 60s, cells were challenged with ionomycin. n=10 (B) Canonical EF-hand Ca 2+ binding loop sequence alignment for mouse and human Miro-1 and Miro-2 homologues. Mouse Miro-1 (mMiro-1), mouse Miro-2 (mMiro-2), human Miro-1 (hMiro1) and human Miro-2 (hMiro-2) sequences were from NCBI accession numbers NP_067511.4, NP_666111.1, NP_001028740.1 and NP_620124.1, respectively. The EF1 and EF2 residues not conserved between human Miro-1 and Miro-2 are shaded green. The Ca 2+ coordinating residues (X, Y, Z, y, x, z) are indicated above the alignment. G denotes the highly invariant Gly at position 6 and h denotes the invariant hydrophobic amino acid position 8. The most prevalent residue type at each of the 12 loop positions are shown below (red text) the alignment (Gifford et al., 2007; Marsden et al., 1990; Zhou et al., 2009 ).
(D) Structural alignment of the Miro-1 and homology modelled Miro-2 EF2 Ca 2+ binding loops with the coloring and labeling profile as described for panel (F). The residue colors in (E), (F) and (G) are consistent, and the residue positions with respect to the loop in (F) and (G) are indicated in parentheses beside the residue number. M1, Miro-1; M2, Miro-2. The homology models were generated using Modeler v9.17 (Webb and Sali, 2014) after alignment of the Miro-1 and Miro-2 sequences (NP_001028740.1 and NP_620124.1, respectively) in Clustal Omega (Sievers and Higgins, 2014) . The Ca 2+ -loaded human Miro-1 structure (5KTY.pdb) was used as the template structure in Modeller. (S) Quantification of PI-positive cells by FACS analysis in VE-Cre and MCU -/primary endothelial cells treated with H2O2 (2 mM), ceramide (C2) (100 M), ionomycin (Iono) (5 M) and thapsigargin (Tg) (10 M) for 18 h. Data represents Mean ± SEM; ns = not significant; n=3.
(T) Quantification of PI-positive cells by FACS analysis in WT and Bax Bak DKO MEFs treated with (grey) or without (black) ionomycin (5 M) for 18 h. Data represents Mean ± SEM; ns = non-significant; n=3.
(U) Quantification of PI-positive cells by FACS analysis in WT, MEFs stably expressing M1WT, M1EF1-, M1EF2-, M2WT, M2EF1-and M2EF2 mutants were treated with (grey) or without (black) ionomycin (5 M) for 18 h. Data represents Mean ± SEM; *p < 0.05; n=3.
(V) Quantification of PI-positive cells by FACS analysis in MCU KD HeLa cells stably expressing M1WT and M1EF1 mutant were treated with or without ionomycin (5 M) for 18 h. Data represents Mean ± SEM; *p < 0.05; n=3.
EXTENDED EXPERIMENTAL PROCEDURES

Cell Culture
HeLa (ATCC# CCL-2), HEK-293 (ATCC# CRL-1573), COS7 (ATCC# CRL-1651) and mouse embryonic fibroblasts (MEFs) were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin at 37ºC and 5% CO2.
Generation of Hepatocyte-Specific Mice and Isolation of Primary Hepatocytes
Hepatocyte-specific Mcu knockouts were generated by a Cre-LoxP approach using hepatocyte-specific Crerecombinase transgenic mice (B6.Cg-Tg(Alb-cre)21Mgn/J, The Jackson Laboratory, USA) and MCU fl/fl mice. All animal experiments were approved by Temple University's IACUC and followed AAALAC guidelines. Primary adult mouse hepatocytes were isolated using a two-step collagenase perfusion technique with slight modifications (Li et al., 2010) . In brief, mice liver was sequentially perfused with perfusion medium-I (DPBS containing 10mM HEPES, 0.05% w/v KCl, 5mM Glucose, 200M EDTA, pH 7.4) and perfusion medium-II (DPBS containing 30mM HEPES, 0.05% w/v KCL, 5mM Glucose, 1mM CaCl2, pH 7.4) containing collagenase D (400g/ml). Liver lobes were dissected, dissociated, and crude hepatocyte preparation passed through the gauze mesh filter (100M diameter). The crude hepatocyte preparation was centrifuged at the speed of 50g for 2 min to pellet down parenchymal hepatocytes. The hepatocytes were washed five times with perfusion medium-II. Following the wash, cells were plated in culture dishes in hepatocyte attachment medium (Williams E medium containing 1% (v/v) antibiotic-antimycotic solution (Gibco), 1% (v/v) 200mM L-glutamine, 1% (v/v) non-essential amino acids, and 10% heat-inactivated fetal bovine serum). The next day, attachment media was replaced with hepatocyte culture medium (Williams E medium containing 1% (v/v) antibiotic-antimycotic solution (Gibco), 1% (v/v) 200mM L-glutamine, and 1% (v/v) non-essential amino acids).
Plasmids and Antibodies
Plasmids GCaMP6-mt (Ref), peredox-mCherry (Hung et al., 2011) , GFP-Sec61(Addgene plasmid# 15108, Parkin-mCherry (Addgene plasmid # 23956), , Tubulin-GFP, GFP-LC3 and mCherry-LC3 were purchased. Mito-EGFP Mito-Red (pDsRed2-Mito Vector) purchased from Clontech Laboratories. COX8A-C-mRFP (pCMV6-AC-RFP), KIF5B-Flag and Peroxiredoxin 3 was purchased from Origene Technologies. Mito-BFP from Dr. Gia Voeltz (Friedman et al., 2011) and Drp1-WT plasmid described earlier (Shanmughapriya et al., 2015a) . The full-length wild-type and EF-hand mutant Miro1 (M1EF1 with point mutations in D210A and E221K; M1EF2 with point mutations in D330A and E341K), Miro2 (M2EF1 with point mutations in D197A and E208K; M2EF2 with point mutations in D317A and E328K), and constitutively active human MIRO1 GTPase mutant P13V, and dominant negative mutant T18N constructs were custom synthesized as gBlock gene fragments from IDT Inc. and subcloned into appropriate vectors for further use as described previously (Dong et al., 2017) . Lentiviral constructs expressing Drp1 mutants S600A, S600D, S579A and S579D were generated and transduced for stable expression. All the plasmids were confirmed by sequencing before use. Antibodies specific for LC3 (Sigma, Cat# L7543; 1:10000), p62 (Cell Signaling Technology, Cat# 5114; 1:1000), β-actin (Santa Cruz Biotechnology Inc, Cat# sc-47778 HRP; 1:10000), KIF5B (Santa Cruz Biotechnology Inc, Cat# sc-376246; 1:200), Drp1 (Santa Cruz Biotechnology Inc, Cat# sc-32898; 1:200), Mfn1 (Santa Cruz Biotechnology Inc, Cat# sc-50330; 1:500), Mfn2 (Santa Cruz Biotechnology Inc, Cat# sc-100560; 1:500), Miro1(Novus Biologicals, cat# NBP1-59021; 1:1000), Tubulin (Santa Cruz Biotechnology Inc, Cat# sc-8035; 1:1000), cytochrome c (Santa Cruz Biotechnology Inc, Cat# sc-13156; 1:1000), Tom 20 (Santa Cruz Biotechnology Inc, Cat# sc-11415), MCU (Sigma-Aldrich, cat# HPA016480-100UL; 1:500), Xbp1s (Cell Signaling Technologies, cat# CST-12782 ), ATF6a (Santa Cruz Biotechnology Inc, Cat# sc-166659), Flag (Monoclonal anti-flag M2, Sigma, Cat# F1804, 1:500 for IP), Flag-HRP (Monoclonal anti-flag M2, Sigma, Cat# A8592), HA (Sigma, Cat# H6908, 1:500 for IP) and HA-Peroxidase (Roche, Cat# 12013819001, 1:10000) were used.
siRNA knockdown
Transient knockdown of Mid49, Mid51, Dynamin2 and KIF5B was achieved by using siRNA pool of four oligos (SMARTpool, Dharmacon, USA) (5 nM) for Dnm2 (ACCAUGAGCUGCUGGCUUA,GAAGAGGGCCAUACCCAAU, AAAGUUCGGUGCUCGAGAA,GGAGCCCGCAUCAAUCGUA), MID51 (GAUAGUAUGAGAAACGUGA, CUCAAGAAAUAGACGAGUU, GAGCUAGGCUAUAUAUUUA, GAAGAGUGAUUGCAUGUUU), MID49 (CUCUAUGGGCCACGAAUUA, GUAAAGCGGCUCAUCGACA, CCUCUUGGCUAAUGCUCGA, AGAUUGAUGACAUUGGCUA), KIF5b (GAGCUAAACCGUUGGCGUA, GCAAGAAGUAGACCGGAUA, CAACAGACAUGUCGCAGUU, CAGGACAGAUGAAGUAUAA), with scrambled siRNA as control at a final concentration of 20nM using Lipofectamine® RNAiMAX transfection reagent. Expressing M1WT, M1EF1, M1EF2, M2WT, M2EF1, M2EF2 and M2EF12 MEFs were transfected with M1WT, M1EF1, M1EF2, M2WT, M2EF1, M2EF2 and M2EF12 and 48 h posttransfection, the cells were selected with blasticidin (2 g/ml) for 6-10 days and expanded. COS7 and HeLa cells were transfected with M1WT and M1EF1 mutant plasmid and after 48 h cells were selected with blasticidin (2 g/ml) for 6-10 days.
Generation of Stable Cells
Simultaneous Measurement of Mitochondrial Shape (MiST) and [Ca 2+ ]c or Mitochondrial Swelling or Mitochondrial Membrane Potential (m) or cytoskeleton
HeLa WT cells were grown on 25-mm glass coverslips and transfected with COX8-mRFP. 48 h post transfection, cells were treated for 30 minutes ± CsA (5 M) and stained with PTP opening indicator Calcein-AM. Coverslips were mounted in an open perfusion microincubator (PDMI-2; Harvard Apparatus) at 37°•C and imaged. After 1 min of baseline recording, ionomycin (2.5 µM) was added and confocal images were recorded every 3 s (510 Meta; Carl Zeiss) at 488-and 561-nm excitation using a ×63 oil objective. The reduction in fluorescence and change in mitochondrial morphology following stimulation with 2.5 M ionomycin was assessed and compared with before ionomycin stimulation. Mitochondrial swelling was measured as a decrease in Calcein fluorescence (Kroemer et al., 2007; Petronilli et al., 1999; Shanmughapriya et al., 2015b) . The length of individual mitochondria from each image was measured using image J and represented as a percentage of mitochondria in 0.2-2 m, 2-5 m and > 5 m.
HeLa WT/ MEF WT/ MEFs stably expressing M1WT, M1EF1, M1EF2, M2WT, M2EF1 and M2EF2 mutants or HeLa cells expressing M1P13V/ M1T18N were grown on 25-mm glass coverslips and transfected with COX8-mRFP. To monitor [Ca 2+ ]c, 48 h post transfection, cells were loaded with 5 M Fluo-4AM (30 min) in the extracellular medium as described previously (Mallilankaraman et al., 2012) . Coverslips were mounted in an open perfusion microincubator (PDMI-2; Harvard Apparatus) at 37 °C and imaged. After 1 min of baseline recording, agonist (histamine (100 M); ionomycin (2.5 M); thrombin (5 mU)) was added and confocal images were recorded every 3 s (510 Meta; Carl Zeiss) at 488-and 561-nm excitation using a 63x oil objective. Images were analyzed and quantified using ImageJ (NIH) and custom-made software (Spectralyzer). The length of individual mitochondria from each image was measured using image J and represented as a percentage of mitochondria in 0.2-2 m, 2-5 m and > 5 m.
Freshly isolated rat ventricular myocytes infected with 2 l/ml of Ad-Cox8a-mRFP. 72 h post infection cells were loaded with 5 M Fluo-4 to monitor calcium and blebbistatin 10 M to prevent hypercontraction. Ionomycin (10 M) was added and confocal images were recorded every 3 s (510 Meta; Carl Zeiss) at 488-and 561-nm excitation.
To further validate that MiST is independent of PTP opening, MCU KO and MCU fl/fl hepatocytes isolated from MCU fl/fl Alb-Cre + mice were coated on 25-mm glass coverslips and loaded with matrix-localized m indicator dihydrorhodamine 123 (DHR123 10M) for 30 min (Shanmughapriya et al., 2015b) . Confocal images were recorded every 30 s (510 Meta; Carl Zeiss) at 488 nm excitation using a ×40 oil objective. Images were analyzed and quantified using ImageJ (NIH) and custom-made software (Spectralyzer). The length of individual mitochondria from each image was measured using image J and represented as a percentage of mitochondria in 0.2-2 m, 2-5 m and > 5 m.
To confirm [Ca 2+ ]c-mediated MiST phenomenon, HeLa WT cells were transfected with COX8a-mRFP. 48 h post transfection, cells were loaded with 5 μM Fluo-4/AM (30 min) and treated for 30 minutes with [Ca 2+ ]c chelator BAPTA-AM (25 M) or EGTA (0.5 mM) confocal images were recorded every 3 s (510 Meta; Carl Zeiss) at 488and 561-nm excitation using a ×63 oil objective. Images were analyzed and quantified using ImageJ (NIH) and custom-made software (Spectralyzer). The length of individual mitochondria from each image was measured using image J and represented as percentage of mitochondria in 0.2-2 m, 2-5 m and > 5 m. For simultaneous measurement of m and MiST, HeLa WT/ MEF WT/ M1EF1 KI MEF cells were grown on 0.2% gelatin-coated 25-mm glass coverslips and transfected with COX8a-mRFP. 48 h post transfection, cells were loaded with 10 μM DHR123 (30 min) in the extracellular medium as described previously (Shanmughapriya et al., 2015a) . Coverslips were mounted in an open perfusion microincubator (PDMI-2; Harvard Apparatus) at 37 °C and imaged. After 1 min of baseline recording FCCP (10 μM); ionomycin (2.5 μM); was added and confocal images were recorded every 3 s (510 Meta; Carl Zeiss) at 488-and 561-nm excitation using a ×63 oil objective. Images were analyzed and quantified using ImageJ (NIH) and custom-made software (Spectralyzer). The length of individual mitochondria from each image was measured using image J and represented as percentage of mitochondria in 0.2-2 m, 2-5 m and > 5 m. Loss of m, was measured over time as the dissipation of the DHR123 from the mitochondria or increase in DHR123 fluorescence in the cytosol and plotted.
HeLa WT cells grown on 25-mm glass coverslips were co-transfected with COX8-mRFP and Tubulin-GFP. 48 h post transfection, cells were treated with 5 mM N-acetyl cysteine (NAC) or 10 mM GSH (reduced glutathione) for 30 minutes. Additionally, HeLa WT cells grown on 25-mm glass coverslips were transfected with a combination of cox8a-mRFP, Ad-MnSOD and peroxiredoxin (Prdx3) and 48 h post transfection, imaged using confocal microscopy. After a baseline recording of 60s, cells were stimulated with 2.5 M ionomycin to observe ionomycindependent ROS-mediated change in morphology using a confocal microscope. MiST was measured as a decrease in mitochondrial length as above.
To evaluate MiST in the presence of cytoskeletal inhibitors, HeLa / MEF WT cells grown on 25-mm glass coverslips were transfected with COX8a-mRFP and Tubulin-GFP, a marker that labels microtubules. 48 h post transfection, cells were imaged using confocal microscope. After a baseline recording of 60s, cells were stimulated with 1 M colchicine or Blebbistatin (100µM) (Sigma #B0560) or latrunculin (1 µM) (Enzo Life Sciences #BML-T119) and images were recorded every two minutes (colchicine) or 3 s (Lat A/Blebbistatin) to observe changes in mitochondrial morphology on microtubule de-polymerization. The length of individual mitochondria were measured as above.
To validate that MiST is independent of mitochondrial fission, Drp1 KO (Kageyama et al., 2014) , MFF/Fis1 DKO (Loson et al., 2013) , lentiviral constructs expressing Drp1 mutants S600A, S600D, S579A and S579D transduced MEFs and Dyn2 KD/ Mid51 KD and Mid49 KD MEFs were grown on 25-mm glass coverslips and transfected with COX8a-mRFP. 48 h post transfection, cells were analyzed for MiST using a confocal microscope. Additionally, HeLa cells transfected with COX8a-mRFP were treated with 1 m FK506 (Sigma-Aldrich; F4679-5MG) for 30 minutes, a Ca 2+ -dependent phosphatase, calcineurin inhibitor. After a baseline recording of 60s, cells were stimulated with 2.5M ionomycin and images were recorded every 3 s (510 Meta; Carl Zeiss) at 488-and 561-nm excitation using a ×63 oil objective. The length of individual mitochondria were measured as above.
CypD KO (Baines et al., 2005) , SPG7 KO (Shanmughapriya et al., 2015b) , VDAC1/3 DKO (Weeber et al., 2002) and Bax/Bak DKO (Lindsten et al., 2000) MEFs were transiently transfected with GCaMP6-mt. 48 h post transfection, cells were analyzed for MiST using confocal microscope upon ionomycin stimulation as described above.
